The earliest kinetic folding events for (␤␣)8 barrels reflect the appearance of off-pathway intermediates. Continuous-flow microchannel mixing methods interfaced to small-angle x-ray scattering (SAXS), circular dichroism (CD), time-resolved Förster resonant energy transfer (trFRET), and time-resolved fluorescence anisotropy (trFLAN) have been used to directly monitor global and specific dimensional properties of the partially folded state in the microsecond time range for a representative (␤␣) 8 barrel protein.
The earliest kinetic folding events for (␤␣)8 barrels reflect the appearance of off-pathway intermediates. Continuous-flow microchannel mixing methods interfaced to small-angle x-ray scattering (SAXS), circular dichroism (CD), time-resolved Förster resonant energy transfer (trFRET), and time-resolved fluorescence anisotropy (trFLAN) have been used to directly monitor global and specific dimensional properties of the partially folded state in the microsecond time range for a representative (␤␣) 8 FRET ͉ microsecond mixing ͉ misfolding ͉ small-angle x-ray scattering T he funnel shape of typical protein folding-energy landscapes suggests that sequences have evolved to minimize energetic and topological frustration (1, 2) . This view is supported by the twostate folding of many small proteins (3) and the significant correlation of their folding rates with native topology (4, 5) . Morecomplex mechanisms, typical of larger proteins, often place intermediates on a progressive path to the native conformation. Surprisingly, a few kinetic studies (6) (7) (8) (9) and simulations (10) have revealed that off-pathway intermediates can be populated during the refolding of single-domain globular proteins (11) . Delineating the relative contributions of sequence and topology to biases in the energy landscape that lead to these kinetic traps offers potential insights into factors responsible for protein misfolding and, potentially, for numerous devastating pathologies (12) .
(␤/␣) 8 TIM barrels (named after triosephosphate isomerase) are one of the most common motifs in biology (13) and are of particular interest in examining the factors leading to off-pathway folding. They constitute the most common structural class of substrates of the chaperonin GroEL, which captures and sequesters partially folded proteins to facilitate their folding to the native state (14) . Although the specific partially folded forms of the Escherichia coli TIM barrels responsible for binding to GroEL are not known, in vitro studies suggest two potential candidates. The folding reactions of three TIM barrels of very low sequence identity, IOLI (a protein of unknown function corresponding to the ioll gene in Bacillus subtilis), IGPS (indole-3-glycerol phosphate synthase), and the ␣-subunit of tryptophan synthase (␣TS), display early marginallystable kinetic traps and subsequent on-pathway stable intermediates (6, 15, 16) . These common features in the folding mechanisms are consistent with an important role for topology in dictating the essential features of the energy landscape. However, the structured regions of these intermediates for ␣TS and IGPS, as determined from HX protection experiments (16) and mutational analysis (17, 18) , vary significantly. Clearly, the sequences of these proteins dictate the structures of these crucial partially folded states.
Detailed insights into the formation of the kinetically-trapped states in TIM barrels have thus far been limited by the time resolution of stopped-flow kinetic methods, Ϸ5 ms. In this report, the time resolution was extended to the microsecond time range with continuous-flow (CF) microchannel mixing devices and coupled with time-resolved Förster resonant energy transfer (trFRET) (19) , time-resolved fluorescence anisotropy, small-angle x-ray scattering (SAXS) (20) and CD spectroscopy (21) to probe the dimensional, dynamic, and structural properties of the kinetically-trapped state of ␣TS. (Fig. 1) . The complex responses reveal widespread and differential aspects of the initial collapse reaction that ultimately anneal into a global kinetic trap. The subsequent unfolding of this off-pathway species controls access to the productive folding channel and, ultimately, to the native TIM barrel structure.
Results

Global Structural Properties of ␣TS Probed by Microsecond Continuous-
Flow SAXS and CD. Global structural insights in the hundreds of microseconds time range were obtained by acquiring SAXS profiles upon refolding ␣TS after a 6.0-0.6 M urea jump ( Fig. 2A) . The data show that initial compaction of the protein takes place within the 150-s time resolution of the CF-SAXS device. Compaction and collapse to a globular form are illustrated by two metrics: the radius of gyration (R g ) and the shape of the scattering profiles. Throughout the 150-s to 3-ms time range, the R g is significantly lower (R g Ϸ 31-34 Å) than in the urea-denatured state (R g Ϸ 43 Å) and exhibits a Kratky plot with a broad peak consistent with the presence of globular structure. The Kratky plot of unfolded ␣TS does not have a peak in this q-range, as expected for a statistical coil (22) . The compaction is far from complete, however, with a R g that is 50% larger than that of the native state (18.1 Å).
Far-UV CF-CD indicates that the compaction at 150 s is accompanied by the formation of detectable secondary structure (Fig. 2B) . The CF-CD spectrum at 150 s shows significant spectral changes relative to the unfolded CD spectrum, exhibiting a diminished mean residue ellipticity (MRE) near 206 nm and an increase in MRE at Ϸ220 nm. Approximately 50% of the 222 nm MRE of the burst-phase intermediate at 5 ms and Ϸ25% of the signal from the native state is acquired within 150 s. Although interpretation of CD spectra can be complicated by exciton interactions between spatially-adjacent aromatic residues, the K2D secondary structure prediction algorithm (23) predicts a larger fractional contribution of ␤-structure at 150 s than in the native spectrum. Estimation of ␤-structure for the 5 ms intermediate is precluded by the limited wavelength range accessible in the stopped flow. The diminished helical content at 150 s may reflect dynamic or disordered helices on the surface of the (␤␣) 8 barrel at this early stage in folding.
In the time range from 150 s to several milliseconds, a nearly twofold increase in the MRE is observed at 222 nm. By contrast, the R g values and Kratky profiles from SAXS demonstrate that relatively minor rearrangements in global structure occur. The weak correlation of secondary-structure formation with compaction for ␣TS across the first few milliseconds of folding shows that the folding trajectory is intermediary between a Type II trajectory (concurrent compaction and secondary structure formation) and a Type III trajectory (collapse, followed by secondary-structure formation) (24) (25) (26) . Over the course of the first few hundred microseconds, the distance between the N-and C-terminal regions, as monitored by the 15-212 pair, contracts (Fig. 3D ). More modest contractions in the ͗EED͘ app (Յ2 Å) on the same timescale were observed for the 15-54 and 15-134 donor-acceptor pairs ( Fig. 3A-C) . The surprising increase of the 168-212 ͗EED͘ app suggests that the central region of the barrel rearranges in the same Ϸ100-s time frame that the 15-212 pair distance contracts. These coincident temporal changes . The 150-s spectrum, the native spectrum at 0.8 M urea, and the unfolded spectrum at 8 M urea were acquired with the same stock solutions in the continuous-flow mixer having a 127-m optical path. The 5-ms time point spectrum was acquired by using the stopped-flow cuvette with a 1.5-mm optical path. Sample concentration was 60 M for data recorded in the continuous-flow mixer and 10 M for the stopped-flow data. The extrapolation of the unfolded baseline was performed by using published data and global fit parameters (52) . Data were recorded at 21°C.
reflect the coalescence of semiautonomously folded regions into a more globular structure, as shown by the SAXS profiles at 150-500 s. The ͗EED͘ app for all FRET pairs achieve their native values on a considerably longer time scale, 1-100 s (Y.W., C.K., C.R.M., and O.B., unpublished work), consistent with previous stopped-flow and manual-mixing results (6).
Distance Distributions from trFRET. Although analysis of the trFRET data by average lifetimes is a robust method of calculating average FRET efficiencies, the ensemble-average efficiency and distance can potentially mask the presence of subpopulations. Additionally, the average distance can be significantly biased toward shorter distances reflecting the insensitivity of the FRET probes to distances Ն1.5 R o . Potential ambiguities in ͗EED͘ app can be resolved because the excited state decay kinetics of the donor and acceptor in trFRET data also contain information about the distribution of donor-acceptor distances (31, 32) .
The time dependence of the donor-acceptor distance distribution for the 15-212 and 168-212 FRET pairs obtained from an analysis using a double-Gaussian function are shown in Fig. 4 . Use of a single-Gaussian function gave a significantly poorer fit as judged by the randomness of residuals and reduced-2 ratios ( 1 2 / 2 2 Ͼ2). The presence of two peaks in the distance distribution suggests that two populations are present in the burst-phase of the continuous-flow mixing device. For the 15-212 FRET pair (Fig.  4A ), the analysis clearly shows that extended conformations, with a peak beyond 35 Å, dominate at the earliest time point (53 s). Surprisingly, a minor high-FRET efficiency subpopulation with a peak near 20 Å, close to the 21 Å observed for the native conformation, appears on the same 75-to 100-s time scale. The interconversion time of these distinct populations must exceed that of the lifetime of the Trp donor, Ϸ3-7 ns.
Examination of the distance distribution for the 168-212 pair shows that a heterogeneous population in the central region of ␣TS is present at the earliest time point, 53 s (Figs. 4B) . Populations having less-than-native distances (Ϸ16 Å) coexist with those having more extended (Ϸ35-50 Å) and broader distributions. The compact high-FRET efficiency subpopulation preferentially ''melts'' over the same 75-to 100-s time scale observed for the appearance of the minor compact population for the 15-212 FRET pair (Fig. 4A) . The coincidence of these processes links the unfolding of the overfolded subpopulation seen with the 168-212 FRET pair with the folding of the minor compact conformer for the 15-212 pair.
The distance distribution analysis reveals that unfolding of an overly-compact subpopulation is responsible for the increase in the ͗EED͘ app observed for the 168-212 pair in the average lifetime analysis (Fig. 3G) . A complementary model-independent analysis using a maximum entropy method along both the donor decay rate and energy transfer rate dimensions gave consistent results (Figs. S2 and S3 and SI Text).
Microsecond Collapse of ␣TS Probed by Continuous-Flow Time-
Resolved Fluorescence Anisotropy. As a complement to the trFRET dimensional studies, information on local packing and regional hydrodynamics were obtained from time-resolved fluorescence anisotropy analysis of the single tryptophan variants, F22W and F212W, in the microsecond refolding time frame (Fig. 5) . It has been shown for W22, located at the beginning of ␤1 and on the interior of the barrel ( Fig. 1 and Fig. S1 ), that the anisotropy decay at the earliest time point (Ϸ42 s) is reminiscent of the behavior expected for a hindered side chain. A fast subnanosecond anisotropy decay component and a larger-amplitude slower component with a rotational correlation time Ն15 ns are observed (33) . The anisotropy decay is similar, within error, for the duration of the continuous-flow experiment (Ϸ300 s) (33) and stopped-flow experiments (5 ms to 12 s, data not shown). In contrast, W212, which resides in a loop between ␤7 and ␣7 and protrudes into the solvent ( Fig. 1 and Fig. S1 ), exhibits a slow anisotropy decay component that is faster (rotational correlation time Ͻ10 ns) and comprises a significantly smaller fraction of the anisotropy decay (Fig. 5) . The faster correlation time and smaller amplitude imply a smaller folded structure at the C-terminal region and a more flexible environment with looser tertiary packing than its Nterminal counterpart.
Organization of structure in the vicinity of W212 occurs with kinetics comparable with those for the contraction of the 15-212 pair distance (Ϸ75-100 s) (Fig. 3) . The amplitude of the slow anisotropy decay component for W212 systematically increases over Ϸ100 s. A concomitant increase is observed in the average tryptophan lifetime. Based on the greater relative amplitude of the fast anisotropy decay in W212, however, the packing in the vicinity of W212 is more fluid than that near W22. Consistent with these results, tight packing in the N-terminal region of ␣TS by 5 ms was suggested by a mutational analysis study (17) . The mutational analysis also indicated a molten-globule-like packing in the Cterminal region of ␣TS, including ␤7 where W212 resides (17). 
Discussion
The various geometric and hydrodynamic probes presented here suggest that a specific structure, possibly guided by the repeat topology of TIM barrels and formation of hydrophobic clusters, forms very rapidly (Ͻ30 s) but is localized preferentially to the N-terminal half of the protein. A subpopulation of the early intermediates is nonproductive for folding and melts away in the first observable kinetic step. The role of analogous misfolded species in aggregation of repeat-sequence motifs is discussed below.
Structural Picture of Early Misfolded Forms of ␣TS.
The compact dimensions and tight packing in the N-terminal region but not the C-terminal region at Ϸ30 s show that the earliest folded forms of ␣TS are structurally heterogeneous. This conclusion is consistent with a previous mutational analysis (17) and with the protection of main-chain amide hydrogens against exchange with solvent via NMR analysis (17) . The further reduction of the 168-212 trFRET data by a distance distribution analysis revealed that the C-terminal region is itself heterogeneous. A minor conformer, whose donoracceptor distance is substantially smaller than the distance for the native conformation, is present after 30 s and melts away over the first few hundred microseconds as the N and C termini coalesce. Curiously, a minor, overly-compact conformer in the N terminus appears during the coalescence reaction. A cartoon schematic of the reaction is shown in Fig. S4 .
Specificity of the Initial Collapse Reaction. Distance distributions obtained from time-resolved FRET and SAXS can in principle distinguish between a generalized nonspecific contraction and distinct intermediate formation (30, 34) . The presence of distinct intermediates in the earliest observable intermediates is supported by the observation of two subpopulations in the donoracceptor distance distribution and the preferential ''melting'' of the more compact population (Fig. 4A) . The bimodal distance distribution (Fig. 4A) is difficult to reconcile with merely a generalized contraction of the polypeptide. However, although the more compact population may represent a distinct intermediate, the more extended subpopulation could still represent a contracted form of the unfolded ensemble in equilibrium with the marginally-stable intermediate.
The formation of distinct intermediates is also consistent with the time-resolved anisotropy data (Fig. 5) and extensive mutational analysis that suggests that the N-terminal half of ␣TS adopts a structure with specific tertiary packing very early in the folding reaction. Very small changes in FRET efficiency are observed for the two N-terminal-half FRET pairs (15-54 and 15-134) between Ϸ30 s and Ϸ1 ms, and the mobility of Trp-22 (Fig. 5) is also similar over the Ϸ45-s to 5-ms time range. It is likely that the tertiary Factors Leading to Off-Pathway Misfolding. An increasing body of evidence points to the propensity of the ␤␣-repeat fold, both the TIM barrel (6) and the flavodoxin motifs (7, 8) , to sample offpathway misfolded forms early in their refolding pathway. Mutational analysis and hydrogen exchange experiments have highlighted a role for large clusters of branched aliphatic side chains located on consecutive elements of secondary structure in ␣TS (17, 35) . Isoleucine, leucine, and valine (ILV) residues are especially favorable participants in stable hydrophobic clusters in globular proteins because they are the only residues with side chains with unfavorable transfer free energies from the gas phase to water (36) . This enables these side chains to effectively exclude water from the interiors of ILV clusters and from their underlying peptide bonds. As a consequence, they are preferentially sequestered in the interior of proteins (37), and their amide hydrogens are invariably among those most strongly protected against exchange with solvent (17, 38-40). When a group of ILV side chains are also clustered in sequence, rapid kinetic access to stable (on-or off-pathway) substructures is feasible. This view is supported by the elimination of the off-pathway kinetic folding reaction for ␣TS by alanine replacements for all 10 of the isoleucine and leucine side chains examined in an extensive hydrophobic cluster spanning
Protein amino acid sequences selected by evolution for specificity and stability of the native state are expected to have a funneled, typically smooth, energy landscape. However, our results indicate that energetic frustration can remain. The deviation from a smooth funnel landscape is reconciled by inhomogeneities in the magnitude of native contacts (2) . The pronounced sensitivity of the folding pathway to selective mutation of ILV residues (17) may indicate a disproportionate energetic contribution of branched aliphatics to the stability of early intermediates of ␣TS, resulting in energetic frustration.
An additional factor predisposing ␣TS to misfold may be persistent nonrandom structure in the unfolded ensemble. The experimental methods used in this report are not overly sensitive to local structure. However, the near-UV CD spectra of ␣TS and its 188-residue N-terminal fragment comprising the first 188 residues suggest that nonrandom tertiary structure may persist under high denaturant concentrations (28) , where the overall chain dimensions remain within expectations of a statistical coil (41) . These structures could serve as nucleation sites that further bias ␣TS, and possibly TIM barrels in general, toward an off-pathway trajectory at the earliest stages of folding.
Implications for Protein-Misfolding Diseases. It is now well recognized that protein-misfolding reactions can give rise to a plethora of heritable diseases (12) . However, the identification of the specific conformers responsible for the soluble oligomers and larger-scale aggregates remains an open issue for most proteins. The complex folding behavior of the TIM barrel family of proteins, involving partitioning between off-pathway and on-pathway intermediates, raises the intriguing possibility that the early nonproductive species under examination in the present communication may be a key to aggregation in repeat-sequence motifs. Hartl and colleagues (14) have previously observed that TIM barrels are the most common motif bound to the GroEL chaperonin in E. coli. Scoring of the ␣TS sequence by TANGO (42) shows that ␤2, ␣2, and ␤3 are the most likely candidates for aggregation and, presumably, recognition by a chaperone. That these same sequences support the early collapse of the N terminus of ␣TS shows that, for the isolated wild-type protein, the intramolecular association of these marginally soluble segments effectively competes with intermolecular association reactions and aggregation. Mutations that increase the population and/or lifetime of the off-pathway species or that decrease its solubility would be candidates for aggregation.
Materials and Methods
Mutagenesis, Protein Preparation, and Labeling. Four variants (K15C/F54W, K15C/E134W, S168C/F212W, and K15C/F212W) introducing an additional exposed cysteine and single tryptophan were constructed in two rounds of sitedirected mutagenesis as previously described. Protein expression and purification followed standard protocols described in ref. 18 . The three intrinsic cysteines present in wild-type ␣TS were not mutated, leaving the variants with four cysteine residues. Extensive efforts to remove the intrinsic cysteines, which are highly buried and inaccessible to solvent, were unsuccessful. The significant difference in solvent accessibility, however, allowed selective labeling with IAE-DANS of the exposed artificially introduced cysteine, which has a reactivity Ϸ80-fold higher than the three highly buried native cysteines (43) . Standard labeling protocols were followed and are detailed in SI Text.
The thermodynamic properties of all labeled and unlabeled ␣TS variants were checked by absorption, CD, fluorescence/anisotropy spectra, and time-correlated single-photon counting (TCSPC) by urea titrations on a JASCO V-560 UV/VIS spectrophotometer, JASCO J-810 spectropolarimeter, Fluorolog3 spectrofluorimeter (Jobin Yvon) and custom TCSPC instrument, respectively. The CD spectra of the unlabeled and labeled variants were consistent with those of wild-type ␣TS (Fig. S5) .
All experiments were conducted in 10 mM phosphate buffer at pH 7.8 containing 0.2 mM K2EDTA and 1 mM ␤ME. The temperature for all experiments was 25°C unless indicated otherwise.
TCSPC. Details of the TCSPC apparatus equipped with a microsecond continuousflow mixer have been described (Fig. S6) (33, 44) . The mixer consisted of 75 m channels laser-machined in 127-m-thick polyetheretherketone (PEEK) and held between two 1 ⁄4-inch fused silica windows by compression. Flow to the microchannel mixer was provided by two syringe pumps (Isco) operating at a combined flow rate of 15 or 20 ml⅐min Ϫ1 .
Excitation at 293 nm with a repetition rate of 3.8 MHz was provided by the vertically polarized third harmonic of a Ti/sapphire laser. Typical excitation power was Ϸ0.5 to 1 mW. The mixer flow channel was aligned to yield excitation power that was uniform along the flow channel within 5%. This variation in excitation intensity was corrected by using a standard N-Acetyl-L-tryptophanamide (NATA) as described (44) . Typical total count rates at Ϸ5 M protein concentration were between 5 ϫ 10 4 and 1 ϫ 10 5 counts per second, well below count rates at which pile-up effects begin to affect the measured lifetimes (45, 46) . Photon counts in the peak channel were typically Ϸ5,000 counts. Separate instrument responses were recorded for each channel by recording a scattered light signal or by numerical deconvolution from the NATA decay curve.
TCSPC Data Analysis.
Moment analysis of the Trp lifetime decays were used to obtain a model-independent estimate of the approximate average FRET efficiency as a function of time. FRET efficiencies were transformed to ͗EED͘app by using the Fö rster equation (47) , using an experimentally determined Ro of 22 Å and an orientation factor of 2/3. The donor-acceptor pair distance distribution analysis was carried out as described (47, 48) . The donor-only and donor-acceptor time-resolved fluorescence decays were globally fit to an analytic function described by a double-Gaussian function. The quality of the fits was significantly better for the double-Gaussian function compared with just a single-Gaussian function. To obtain sufficient photon counts for this analysis (Ͼ30,000 photons in the peak channel), 7 TCSPC decays along the folding dimension (Ϸ3.7 s per decay) were averaged, limiting the folding-time resolution to Ϸ26 s. Because this time window is less than the time for complete mixing (Ϸ35 s), the averaging does not adversely interfere with the detection of kinetic folding events. Additional details of the distance distribution analysis are provided in SI Text. SAXS Measurements. SAXS measurements were performed at the BioCAT undulator beamline at the Advanced Photon Source (APS), Argonne National Laboratory (Argonne, IL) as described (26) . The total flow rate was either 10 ml⅐min Ϫ1 for longer time points or 20 ml⅐min Ϫ1 for the early time points. The refolding reaction was initiated by a 10-fold dilution of the urea concentration from 6 M to 0.6 M urea. The temperature was 24°C for both equilibrium and kinetic measurements.
The SAXS data were analyzed by using IGOR Pro (WaveMetrics) macros written by the BioCAT staff at APS. The Rg and I (0) were obtained based on the Guinier approximation within the Guinier region (RgQ Ͻ 1.3) (22) . Because of beamfocusing constraints and larger channels in the SAXS mixer, the time resolution of the SAXS experiment (Ϸ150 s) is lower than the 30-s resolution achieved in the CF-TCSPC experiments.
Continuous-Flow CD. CD spectra were acquired by interfacing the same microsecond mixer used for the fluorescence studies to an Aviv model 202 CD instrument (Aviv Biomedical). CD measurements were performed by positioning the mixer at a suitable time point, determined by the flow rate and distance from the mixing region, and acquiring scans in the standard way. Buffer blanks were acquired for each measurement and subtracted from the data acquired with protein. Typically, three overlaying spectra were acquired and averaged. Data for native and unfolded protein (at 0.8 M and 8 M urea, respectively) were acquired in the continuous-flow mixer by using the same buffer and protein stock solutions. Comparison of the native spectrum and that of (1S)-(ϩ)-10-camphorsulfonic acid (Sigma-Aldrich) with cuvette-based measurements showed excellent agreement, showing that birefringence offsets from the fused silica windows and PEEK mixer could be subtracted out with confidence. Scans were collected in step-scan mode with sufficient time (2 s) for stabilization of the photomultiplier tube voltage at each wavelength, particularly in the blue end of the spectrum. The short optical path (127 m) permitted the collection of spectra down to 200 nm, even in the presence of 8 M urea. A 20 ml⅐min Ϫ1 total flow rate was used, yielding a mixing time of Ϸ27 s and a total instrument dead time (accounting for the width of the beam) of Ϸ70 s. Spectra were acquired with a final sample concentration of 2 mg⅐ml Ϫ1 .
